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Abstract: The visual characteristics of animals with different circadian habits, especially colubrid
snakes, exhibit highly variable photoreceptor morphology. While studies have reported on the
diversity in retinal cell morphology among snakes with different circadian patterns, few studies have
examined the expression of genes related to vision. To explore gene expression patterns in the eyes
between diurnal and nocturnal snakes, we carried out RNA sequencing of six tissues (eye, heart,
liver, lung, kidney, and muscle) in two colubrids with disparate circadian activities, i.e., diurnal
Ahaetulla prasina and nocturnal Lycodon flavozonatum, followed by weighted gene co-expression
network analysis (WGCNA). The genes in the two most correlated modules were primarily enriched
in different functional pathways, thus suggesting different biological functions. Three opsin genes
(RH1, LWS, and SWS) were differentially expressed between the two species. Moreover, in the
phototransduction pathway, different genes were highly expressed in the eyes of both species,
reflecting specific expression patterns in the eyes of snakes with different circadian activity. We
also confirmed the dominance of cone- and rod-related genes in diurnal and nocturnal adaptation,
respectively. This work provides an important foundation for genetic research on visual adaptation
in snakes and provides further insight into the adaptive evolution of such species.

Keywords: transcriptome; gene expression pattern; Colubridae; visual adaption; phototransduc-
tion; circadian

1. Introduction

The evolution of perception has long fascinated evolutionary biologists, especially
the complex visual systems that have evolved over millions of years to adapt to diverse
habitats with various spectral ranges and illumination intensities [1]. The initial process of
vertebrate vision is the absorption of light by retinal photoreceptor cells (rods and cones),
and subsequent activation of the biochemical phototransduction cascade, which converts
light signals into electrical signals transmitted through nerves [2]. Visual pigments (or
opsins) play a core role in visual photosensitivity. Photons are absorbed by visual pigments,
i.e., G protein-coupled receptors [3]. Rhodopsin visual pigments are found in rod cells,
whereas color visual pigments are found in cone cells [4]. Animal lifestyle often reflects the
content of cones and rods [5]. Nocturnal terrestrial animals have an abundance of rods,
which mediate dim-light vision, whereas diurnal vertebrates contain more cones with good
color vision [6]. For instance, daytime visual capabilities, including cone densities, cone:
rod ratios, and photopic a-wave amplitudes, can discriminate wading bird species [7];
among reptiles, the nocturnal gecko (Gekko gekko) has pure rod retinas [8] while the diurnal
chameleon (Anolis carolinensis) has pure cone retinas [9].
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Snakes are globally distributed taxa, and their distribution patterns are affected by
diffusion corridors [10] or isolation barriers [11] produced by geological changes. More than
3500 extant snake species are currently recognized, which exhibit considerable diversity
in habitat requirements and circadian patterns [12]. Snakes usually perceive their prey by
chemosensory or visual stimuli, and exhibit diverse diurnal and nocturnal lifestyles [13].
Diversified constitute of photoreceptors in retinas of snakes was described, especially in
colubrids [14] (e.g., pure cone retina in some diurnal colubrids, and pure rod retina in
some nocturnal colubrids). Thus, snakes are good model animals for exploring adaptive
molecular evolution of vertebrate vision. However, most related research has focused on
mammals, birds, and fish, revealing the adaptations of retinal morphology [15]. Several
studies have explored the evolutionary changes in snake opsin genes, indicating exceptional
diversity in snake visual systems [16,17]. Different from other vertebrate taxa, most snakes
only express three visual opsin genes [18], i.e., the rhodopsin (RH1) gene, which is mainly
expressed in rods, the short-wavelength-sensitive (SWS1) gene, which is primarily located
in small singles cones, and the long-wavelength-sensitive (LWS) gene, which is mainly
found in large single cones [19]. Divergence in snake circadian activity has led to the
adaptation of retinal morphology to either photopic or scotopic vision, which may result in
differences in gene expression patterns [20,21].

To explore the similarities and differences in eye gene expression patterns in snakes
with different habits, we performed transcriptome sequencing and weighted gene co-
expression network analysis (WGCNA) of two Colubridae snakes: i.e., Ahaetulla prasina, a
common arboreal snake with acute diurnal vision in Southeast Asia and Indochina [22], and
Lycodon flavozonatum, a nocturnal snake with yellow stripes mainly distributed in southern
China, northern Vietnam, and Myanmar [23]. The WGCNA results revealed that eye-
related genes were assigned to two modules involved in different function. Moreover, the
three opsin genes and several genes vital in phototransduction cascade showed disparate
expression patterns between the two species. These expression changes were in accordance
with their circadian activity patterns, indicating that differences in expression may be a key
molecular basis for adaptation to different circadian rhythms. Our results showed that the
expression patterns of vision-related genes differed between diurnal and nocturnal snakes,
providing an important basis for further molecular evolution research of snake vision.

2. Materials and Methods
2.1. Sequencing Samples Collection

To understand the genetic mechanisms underlying the visual adaption between two
snakes with different habits, we collected a total of six individuals for transcriptome
sequencing. Three individuals of A. prasina were collected from Xishuangbanna, Yunnan
Province and three L. flavozonatum were from Mangshan, Hunan Province. Six tissues
(heart, liver, lung, kidney, muscle, eyes) of each snake were sampled, immediately frozen
in liquid nitrogen for 10 min, and stored at −80 ◦C prior to RNA isolation.

2.2. cDNA Library Construction and mRNA Sequencing

QIAGEN® RNA Mini Kit was used to extract total RNA. After degradation and con-
tamination monitored on 1% agarose gels, RNA purity was checked using the
NanoPhotometer® spectrophotometer (IMPLEN, Calabasas, CA, USA). RNA concentration
was measured using the Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life Technolo-
gies, Carlsbad, CA, USA). RNA integrity was assessed using the RNA Nano 6000 Assay
Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA).
A total amount of 1.5 µg RNA per sample was used as input material for the RNA sample
preparations. Sequencing libraries were generated using NEBNext® UltraTM RNA Library
Prep Kit for Illumina® (NEB, Ipswich, MA, USA), following the manufacturer’s recommen-
dations, and index codes were added to attribute sequences to each sample. The clustering
of the index-coded samples was performed on a cBot Cluster Generation System using
TruSeq PE Cluster Kit v3-cBot-HS (Illumina), according to the manufacturer’s instructions.
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After cluster generation, the library preparations were sequenced on an Illumina Novaseq
6000 platform, and 150 bp paired-end reads were generated.

2.3. De Novo Transcriptome Assembly and Transcription Abundance Statistic

Original reads data was processed using seqtk v1.3-r106 to remove low-quality reads
for obtaining clean data. The high-quality filtered reads data of six tissues of one species
(three biological replicates each) were pooled together for de novo assembly. Trinity v2.4.0
was used for de novo transcriptome assembly and to remove redundant sequences, yielding
unigenes of each species. We compared the assembly results (Table S1) obtained by
setting different parameters, and finally applied parameters “-group_pairs_distance 230
-min_contig_length 600 -min_glue 4”. Clean reads was aligned to unigenes using bowtie2
with parameters “-no-discordant -gbar 1000 -end-to-end -k 200 -q -X 800”. The longest
transcripts were retrieved as the gene body to avoid redundant gene counts. Abundance of
each unigene was calculated by RSEM tool, and the TPM (Transcripts Per Million) method
was chosen to represent expression level of each unigene.

2.4. Transcriptome Assembly Statistics and Functional Annotation

We used TransDecoder v3.0.1 to predict open reading frames (ORFs) and predict
amino acid sequence of each unigene. BUSCO (Benchmarking Universal Single-Copy
Orthologs) was used to evaluate the completeness of the unigenes against the vertebrate
lineages (vertebrata_odb9, based on 2586 vertebrate core BUSCOs). Local ncbi-blast-2.7.1+
was used for the homology search of unigenes against the non-redundant SWISS-Prot
database (https://ftp.uniprot.org/pub/databases/uniprot/, accessed on 22 September
2021), using a BLASTP algorithm with parameters “-line 2 -word_size 4 -evalue 1e-5 -top 3”
to retrieve the best hit results of unigenes; the same protocol was processed against NCBI
non-redundant protein database (NR) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. Gene ontology (GO) functional categorization analysis of unigenes was
performed using in-house perl scripts, based on the SWISS-Prot annotated results retrieved
associated GO terms from idmapping.tb.gz (ftp://ftp.pir.georgetown.edu/databases/
idmapping/, accessed on 22 September 2021). Gene ontology (GO) annotation classified
unigenes into various pathways and functions through three sub catalogs: biological
process, molecular function, and cellular component. Statistics of functional prediction and
GO annotation results were performed through jvenn (http://jvenn.toulouse.inra.fr/app/
example.html, accessed on 2 September 2021) [24] and WEGO 2.0 (https://wego.genomics.
cn/, accessed on 22 September 2021) [25], respectively.

2.5. Orthologous Genes Identification and Principal Component Analysis (PCA)

Based on amino acid sequence of two species, we identified orthologous genes using
BLASTP algorithm. Sequence alignments were conducted for transcripts between two
species with parameter E-value of 1e-5; reciprocal best hits in each pair were obtained, and
orthologous genes shared by both species were retained. Principal component analysis
(PCA) was proceeded to check the cluster of tissues based on expression data of orthologous
genes by using R package FactoMineR and factoextra.

2.6. Weighted Gene Co-Expression Network Analysis (WGCNA) and Screening of Differential
Expression Genes

The co-expression network of the orthologous genes was constructed using R package
WGCNA v1.69 based on expression level (TPM). A network based on the approximate
scale-free topology was constructed by selecting the most suitable soft threshold power of
10, which resulted in a scale-free R2 fit. A topological overlap dendrogram was used to
define modules with a minimum module size of 100 genes, and the threshold cut height
for merging modules was set to 0.2. Genes were clustered with similar expression patterns
into a co-expression module with specific molecular mechanisms. The module eigengenes
(ME) were subsequently calculated for each module. We treated the eyes of two snakes as
different phenotypes, and identified the most relevant gene modules respectively. Pearson’s

https://ftp.uniprot.org/pub/databases/uniprot/
ftp://ftp.pir.georgetown.edu/databases/idmapping/
ftp://ftp.pir.georgetown.edu/databases/idmapping/
http://jvenn.toulouse.inra.fr/app/example.html
http://jvenn.toulouse.inra.fr/app/example.html
https://wego.genomics.cn/
https://wego.genomics.cn/
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correlation coefficient was used to analyze the correlation between the module eigengene
and eyes, and the modules with the highest correlations were selected as eye-correlated
module. Gene significance (GS) and module membership (MM), which represented the
correlation of gene expression profile with the ME, were identified. We compared the
TPM results of key genes in correlation modules between two species to identify different
expression genes (DEGs) by using R package limma v3.48.2. To reduce the false positive
rate, only genes with adjusted p-value < 0.05 and |log2FC| ≥ 1 were recognized as DEGs.

2.7. Gene Functional Enrichment and Pathways Analysis

Gene ontology enrichment analysis of genes in eye-correlated modules was performed
using R package clusterProfiler v3.14.3 [26]. We identified significantly enriched GO
terms of genes in eye-correlated modules by using the GO annotations of all annotated
unigenes as the background. The p-value was adjusted by Benjamini–Hochberg FDR,
and terms with adjusted p-value of <0.05 were recognized as significant. REViGO [27]
was then used to cluster the overrepresented GO terms, and construct the interactions
of terms. KEGG pathway mapping analysis was utilized by using KEGG mapping tools
(https://www.kegg.jp/kegg/mapper/, accessed on 12 October 2021). We searched genes
annotated from KEGG by KOs against KEGG pathway maps and other network entities.
Of all the results, we concentrated on KEGG pathways of interest and crucial genes in
the pathway.

3. Results
3.1. Transcriptome De Novo Assembly

We collected three individuals of A. prasina (Figure 1A) and L. flavozonatum (Figure 1B),
respectively. cDNA libraries were constructed for both species, with three replicates per
group. In total, 307.77 Gb of raw data were obtained from 36 samples (six tissues per
individual) using the Illumina sequencing platform (Table S2). After quality control, a
total of 298.35 Gb of clean reads were generated for downstream analysis. Using Trinity
tools, 218,220 transcripts and 90,635 unigenes with a contig N50 of 3345 were assembled
for A. prasina, and 226,292 transcripts and 98,838 unigenes with a contig N50 of 2996 were
assembled for L. flavozonatum (Table S3). Of all transcripts, 73,147 and 78,359 contained
open reading frames (ORFs) that predicted peptides >100 amino acids (aa) in length,
respectively, of which, 36,902 and 40,445 were full-length for predicting coding protein
sequence. After removing redundancy and clustering, 26,540 and 29,877 longest sequences
were obtained for orthologous gene analysis, respectively. Transcriptome assembly quality
was evaluated using benchmarking universal single-copy orthologs (BUSCO) with protein
mode and lineage data from vertebrates, which showed comparable completeness (65.6%
and 68.3%) (Table S4).
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3.2. Unigene Functional Annotation

Unigenes from A. prasina and L. flavozonatum were searched against the NR, SwissProt,
Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases.
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In total, 17,978 unigenes (67.74% of 26,540) and 20,868 unigenes (69.85% of 29,877) were
annotated to one or more functions for A. prasina (Figure 2A) and L. flavozonatum (Figure 2B),
respectively. Subsequently, 15,616 and 17,932 unigenes were co-annotated in all databases
for A. prasina and L. flavozonatum, respectively. Based on GO functional annotation, 15,734
and 18,082 unigenes were assigned to three categories: biological processes, molecular
function, and cellular component. Results revealed that unigenes related to cellular process
(GO: 0009987), biological regulation (GO: 0065007), metabolic process (GO: 0008152), and
regulation of biological process (GO: 0050789) were highly represented in the biological
processes category; unigenes related to binding (GO: 0005488) and catalytic activity (GO:
0003824) were highly represented in the molecular function category; and unigenes related
to cell (GO: 0005623), cell part (GO: 0044464), and organelle (GO: 0043226) were highly
represented in the cellular component category in both species (Figure 2C).
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Figure 2. Annotative summary of de novo transcriptome assembly. (A) Annotated unigenes of
A. prasina and (B) L. flavozonatum from 4 different databases. (C) Comparison of Gene Ontology (GO)
classifications based on de novo transcriptome assembly of two snakes.

3.3. Gene Expression and Cluster Analysis

A total of 13,605 orthologous genes were identified by BLASTP. WGCNA and gene
expression analysis were based on these orthologous genes. We first performed principal
component analysis (PCA) to assess differences in expression between the eyes and other
tissues. Results revealed that the 36 samples could be assigned to six groups, according
to tissue types, and the first two PCs explained 41.6% of the variance (Figure 3). The
same tissues from all six individuals clustered together, indicating that the transcriptome
data could be used for further analysis. Furthermore, the eyes were well distinguished,
suggesting differences in the expression patterns between eyes and other tissues.

3.4. Co-Expression Network Construction

Co-expression analysis is commonly used to clarify gene association patterns in
samples or species [28]. Through WGCNA, connectivity among genes in the network
showed scale-free network distribution when the correlation coefficient threshold was set
to 0.9, the best soft-thresholding power was set to 10 (Figure 4A), and modules with high
ME correlations (R > 0.8) were merged (Figure 4B). A total of 13,605 orthologous genes were
divided into 21 co-expression modules, which were independent of each other (Figure 4C).
The dark-green module contained the most genes, followed by the midnight blue module.
Genes that could not be assigned to any module were placed in the gray module, which
contained genes identified as not co-expressed.
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3.5. Identification and GO Enrichment of Significant Eye Correlation Modules

To identify the modules most relevant to phenotype, we performed correlation analysis
between module and trait. Results showed that the dark-green (R = 0.86, p = 2e-11) and
blue (R = 0.94, p = 3e-17) modules were the best correlated modules for the eyes of the
two species, and included 2641 and 878 genes, respectively (Figure 4D). GO functional
enrichment analysis of the key modules showed that genes in dark-green module were
mainly enriched in biological processes related to response to stimulus (GO: 0050896),
signal transduction (GO: 0007165), ion transmembrane transport (GO: 0034220), G protein-
coupled receptor signaling pathway (GO: 0007186), and nervous system development (GO:
0007399), which were mainly related to signal transmission (Figure 5A,B, Table S5). The top
GO terms enriched by genes in the blue module included visual perception (GO: 0007601),
photoreceptor cell maintenance (GO: 0045494), and response to stimulus (GO: 0050896),
suggesting that these genes were highly related to vision formation and light perception
(Figure 5C, Table S6).
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graph of significantly overrepresented GO terms in dark-green module. (C) Dot plot of significant
GO terms enriched by genes in blue module. (D) Volcano plot of differential expression genes (DEGs)
in two modules between two snakes. The green dots indicate the genes upregulated in eyes of
A. prasina and red dots represent genes upregulated in L. flavozonatum (E) Heatmap shows expression
pattern of DEGs in two modules.

3.6. Expression Pattern and Screening of Genes in Phototransduction Pathway

Of the eye-related genes, 596 were up-regulated in the eyes of A. prasina and 673 were
up-regulated in the eyes of L. flavozonatum (Figure 5D, Table S7), and gene expression
showed opposite trends (Figure 5E). To explore the differences in gene expression patterns
between the two species, we concentrated on genes in the key modules enriched in visual-
related pathways. For KEGG pathway mapping analysis, 1799 and 528 genes in the key
modules were assigned to the KEGG database, respectively. In addition, 354 and 330 path-
ways were mapped by all these genes, with phototransduction (map04744) found to be the
most concerned, due to its key role in light perception (Figure 6). In the dark-green module,
LWS was significant, with high GS and MM scores. Rhodopsin kinase GRK7 (GRK7), regu-
lator of G-protein signaling 9 (RGS9), calmodulin-2 B (CALM2B), cyclic nucleotide-gated
cation channel beta-3 (CNGB3), cyclic nucleotide-gated channel cone photoreceptor subunit
alpha 3 (CNGA3), and cone cGMP-specific 3’, 5’-cyclic phosphodiesterase subunit alpha
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(PDE6C) were noticed particularly in the phototransduction pathway. Most of these genes
are involved in signal transmission, especially in cone cells. In the blue module, SWS1,
RH1, cyclic nucleotide gated channel alpha 1 (CNGA1), cyclic nucleotide gated channel
beta 1 (CNGB1), guanylate cyclase activator 1 (GUCA1), and retinal guanylyl cyclase 2D/E
(GUCY2E) were key genes involved in the phototransduction pathway. They mostly play a
part in rod cells.
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Figure 6. Genes of interest involved in phototransduction pathway (modified from KEGG pathway:
map04744). Genes not involved in this study are shown in white. Genes assigned to modules
correlated with eyes of A. prasina and L. flavozonatum are shown in green and red, respectively. The
genes specifically involved in phototransduction in cones are shown in bold, and in rods shown in
regular font, while underlined texts indicate genes in both cones and rods.

4. Discussion

Different diurnal and nocturnal habits can lead to differences in the adaptive evolu-
tion of visual systems. For instance, activity patterns can be well discriminated based on
morphometric analysis and signatures of selection [15,16,29]. However, studies on differ-
ences in gene expression remain limited. In the current study, we explored the expression
patterns of vision-related genes based on transcriptome data of multiple tissues from two
snakes with diverse circadian activity. De novo assembly of the transcriptome uncovered
13,605 orthologous genes between the two snake species, providing important support for
snake vision research.

Based on PCA, we showed that gene expression patterns in the eyes differed from
those in other tissues in both species, which proves the high specificity of gene expression
and functional specialization of eyes. Furthermore, WGCNA showed that 2641 genes in
the diurnal vision-related module were involved in nervous system development, ion
transmembrane transport, and the G protein-coupled receptor signaling pathway, indi-
cating dominance of light signal transmission. Diurnal snakes generally contain a higher
density of ganglion cells, which contact directly onto cones with synaptic for responding
rapidly [6,30]. In retinal photoreceptor cells, when the status of ion channels varies due to
photon absorption, the concentration of ions in the outer segment changes quickly, and
transforms the polarization state of the photoreceptors, resulting in visual regulation [31].
Ion transport can affect the synthesis and degradation of cGMP [32] and modulate the
sensitivity of visual pigment itself [33]. Based on our analysis of L. flavozonatum eyes, we
identified 878 correlated genes in the blue module, most of which were related to visual
perception, photoreceptors, and phototransduction. In nocturnal vertebrates, rod cells
serve as dim-light photoreceptors, and are normally related to night vision [6,34]. Due
to night-based activities and predation, nocturnal snakes always have a higher density
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of rod photoreceptors to increase sensitivity for light perception [35]. The significant ex-
pression of genes enriched in visual signal transmission in A. prasina eyes increases its
adaptability to daylight conditions and rapid reactions, whereas the significant expression
of photosensory-related genes in L. flavozonatum eyes increases its sensitivity to light in dark
environments. Thus, the main functions of the genes expressed in the eye were specific to
the circadian activities of the two snakes.

During phototransduction cascade, opsins in retinal photoreceptor cells perform
crucial functions in light perception [36,37]. Previous research has demonstrated that the
density of cones in the retina of diurnal animals is significantly higher, while the number
of rods in the retina of nocturnal animals is markedly higher [38]. Moreover, gene loss and
signatures of selection of opsins were discovered in owls, which possess large and rod-
dominant retinas as a kind of special night-time raptor [39]; in snakes, visual opsin genes
were detected containing signals of positive selection in sites of functional importance that
are associated with shifts in ecology and retinal anatomy [29]. Thus, changes in opsin genes
may affect circadian activities. Here, we concentrated on the expression of three opsin genes
(i.e., RH1, SWS1, and LWS) in two snake species. Although all three photopigment genes
(RH1, LWS, and SWS1) were expressed in the eyes of both snakes, only LWS was highly
expressed in A. prasina, and only SWS1 and RH1 were highly expressed in L. flavozonatum.
Research shows that some diurnal snakes cut out shorter wavelength (including UVA),
whereas UV vision is predicted to be widely present in most nocturnal snakes [16]. Of note,
removal of UV light has been linked to increased visual acuity [40], and it is supported
by morphological research on Ahaetulla species, which are highly visual hunters with the
least transparent lenses, horizontal pupils, binocular vision, and a fovea in eyes that are
indicative of high visual acuity [41]. Photoreceptors can display evolutionarily transitions
between cell types in squamates [42], as supported by the expression of cone-like rod
photoreceptors in the all-cone retina of garter snake, which restore spectral sensitivity and
chromatic discrimination [43]. As such, transmuted rod photoreceptors may exist in the
retinas of A. prasina. The expression difference in our analysis acts as a reminder that, as
nocturnal snake, rod photoreceptor genes highly express in eyes of L. flavozonatum for
adapting dim-light condition, and shows sensitivity to short-wavelength light, versus eyes
of A. prasina is more sensitive to long-wavelength light with a preponderance of cones
photoreceptor, probably due to filtering shorter wavelength, which shows consistency with
previous circadian activity studies.

Visual phototransduction represents one of the best-characterized signaling pathways
in vertebrate vision [44]. In Shaw’s sea snake (Hydrophis curtus), phototransduction-related
genes are reported to be under positive selection to improve visual sensitivity [45]. The ex-
pression level of phototransduction proteins in visual cells also accounts for visual adaption
to light [6]. Our WGCNA results demonstrated specific expression of phototransduction-
related genes in the eyes of both snakes. We identified six genes (GRK7, CNGB3, CNGA3,
PDE6C, RGS9, and CALM2B) involved in the phototransduction pathway in A. prasina,
four of which were cone-specific, thus showing the dominant role of cones in the eyes of
A. prasina. GRK7 encodes a member of the G protein-coupled receptor kinase subfamily,
which is involved in shutting down the light response and adapting to changing light
conditions through opsin phosphorylation [46]. CNGB3 encodes the beta subunit of a cyclic
nucleotide-gated ion channel, which plays a role in modulation of channel function in
cone photoreceptors and is essential for the generation of light-evoked electrical responses
in the red-, green-, and blue-sensitive cones [47]. CNGA3 plays a role in cation channel
opening and causes depolarization of cone photoreceptors after activation by cGMP [48].
As a cone-specific cGMP phosphodiesterase, PDE6C participates in light detection and
cone phototransduction by rapidly reducing the intracellular levels of cGMP [49]. RGS9
and CALM2B play crucial roles in signal transduction [50] and regulation of calcium ion
concentrations [51] in photoreceptor light adaptation, respectively.

Of note, differences in the expression of cone-specific genes may indicate changes
in cone cells, and high cone cell density may indicate increased color discrimination [52],
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similar to the double cones found in A. prasina with skin color polymorphism [16,53]. Since
skin color can be used in mate-choice and other intraspecific signals, or may be involved in
predator avoidance (e.g., aposematism and mimicry), color vision is very important [54].
However, further research is required to elucidate this ability in A. prasina.

In the correlation module of the L. flavozonatum eyes, several important genes related to
rods were mapped to the same pathway, including CNGA1, CNGB1, GUCA1, and GUCY2E.
CNGA1 encodes a subunit of the rod cyclic GMP-gated cation channel to depolarize rod
photoreceptors in the last step of the phototransduction pathway [55]. Analogously, CNGB1
is involved in the regulation of ion flow in rod photoreceptor outer segments in response
to light-induced changes in the levels of intracellular cGMP associated with CNGA1 [56].
GUCA1 and GUCY2E play essential roles in regulating retinal guanylyl cyclase-1 (GC1) [57]
and mediating cGMP replenishment during phototransduction [58], respectively. Thus,
these genes suggest the vital role of rods in L. flavozonatum of light perception.

In summary, we used WGCNA to identify key co-expression modules and functional
pathways related to the vision of two snakes with different circadian activities. We also
revealed the different expression patterns in phototransduction in the two species. Al-
though our research is preliminary and needs further verification, these findings provide
new insights into the genetic adaptations of vision related to circadian activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13120621/s1, Table S1: Summary of transcriptome de novo assembly tests of two snakes,
Table S2: Summary of samples and RNA sequencing, Table S3: Summary of transcriptome assembly
of two snakes, Table S4: BUSCO scores of transcriptome assembly of two snakes, Table S5: Significant
GO terms enriched by genes in dark-green module, Table S6: Significant GO terms enriched by genes
in blue module, Table S7: Differential expression of genes in two modules correlated to eyes.
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